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Alternative splicing (AS) is prevalent in higher eukaryotes, and generation of different AS variants is tightly regulated.
Widespread AS occurs in response to altered light conditions and plays a critical role in seedling photomorphogenesis, but
despite its frequency and effect on plant development, the functional role of AS remains unknown for most splicing variants.
Here, we characterized the light-dependent AS variants of the gene encoding the splicing regulator Ser/Arg-rich protein SR30 in
Arabidopsis (Arabidopsis thaliana). We demonstrated that the splicing variant SR30.2, which is predominantly produced in
darkness, is enriched within the nucleus and strongly depleted from ribosomes. Light-induced AS from a downstream 39
splice site gives rise to SR30.1, which is exported to the cytosol and translated, coinciding with SR30 protein accumulation
upon seedling illumination. Constitutive expression of SR30.1 and SR30.2 fused to fluorescent proteins revealed their identical
subcellular localization in the nucleoplasm and nuclear speckles. Furthermore, expression of either variant shifted splicing of a
genomic SR30 reporter toward SR30.2, suggesting that an autoregulatory feedback loop affects SR30 splicing. We provide
evidence that SR30.2 can be further spliced and, unlike SR30.2, the resulting cassette exon variant SR30.3 is sensitive to
nonsense-mediated decay. Our work delivers insight into the complex and compartmentalized RNA processing mechanisms
that control the expression of the splicing regulator SR30 in a light-dependent manner.

Maturation of eukaryotic mRNAs involves intricate
co- and posttranscriptional RNA processing, which has
critical functions in regulating gene expression and di-
versifying the transcriptome. Among several mecha-
nisms, alternative precursor mRNA splicing (AS) in
particular generates many transcript variants by re-
moving distinct intronic regions and joining the
resulting exons. Deep analysis of transcriptomes via
high-throughput RNA sequencing (RNA-seq) has
revealed that a major fraction of all intron-containing
genes from higher eukaryotes generates AS variants. In
humans, more than 95% of multiexon genes display AS
(Pan et al., 2008). The prevalence of AS has also been
demonstrated for other eukaryotes including plants

(Reddy et al., 2013; Staiger and Brown, 2013), with
current estimates of;61%and;42%of intron-containing
genes giving rise to AS variants in the model plants
Arabidopsis (Arabidopsis thaliana; Marquez et al., 2012)
and Brachypodium distachyon (Mandadi and Scholthof,
2015), respectively.

Besides its pivotal role in increasing the coding and
regulatory capacity of the transcriptome, AS fine-
tunes gene expression by varying the output ratios of
splicing variants. The full extent of AS regulation
likely exceeds the current estimates, as the produc-
tion of many transcript variants can be specifically
controlled under certain conditions, such as cell and
tissue types, developmental stages, and in response
to stresses and other environmental factors (Reddy
et al., 2013; Staiger and Brown, 2013). The enormous
advancement of RNA-seq now allows profiling of
this diversity at high depth and spatiotemporal res-
olution, which is expected to provide important in-
sight into mechanisms and biological functions of
AS. For example, comparing the transcriptome pat-
terns between different maize (Zea mays) tissues via
single molecule long-read sequencing revealed mu-
tually exclusive exon inclusions as the dominant AS
type in the endosperm, while regulated intron re-
tention prevailed in other tissues (Wang et al., 2016)
and has also been previously described as the most
frequent AS type in plants (Filichkin et al., 2010;
Marquez et al., 2012; Reddy et al., 2013; Staiger and
Brown, 2013).
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The generation of AS variants depends on the pres-
ence of competing splice sites. Various mechanisms
regulate splice site availability and the recruitment of
spliceosomal factors as well as splicing regulators to cis-
regulatory elements, ultimately defining splice site us-
age and the AS output. Critical determinants are the
regulated formation of mRNA structures (Wachter,
2010, 2014; Wachter et al., 2012; Liu et al., 2015), the
recruitment of splicing factors/regulators by compo-
nents of the transcriptional machinery and associated
factors or chromatin marks (Braunschweig et al., 2013),
and kinetic coupling between transcription and splicing
(Braunschweig et al., 2013; Dolata et al., 2015). Fur-
thermore, the protein level and activity of transacting
factors involved inAS decisions is controlled by various
means, including expression levels, AS of their own
precursor mRNAs (pre-mRNAs), and subcellular pro-
tein localization (Wachter et al., 2012; Reddy et al.,
2013).
Ser/Arg-rich (SR) proteins and heterogeneous ribo-

nucleoprotein (hnRNP) proteins are two major groups
of RNA-binding proteins that are present in animals
and plants (Chen and Manley, 2009; Wachter et al.,
2012; Reddy et al., 2013). Studies in Arabidopsis dem-
onstrate widespread AS regulatory functions for the
hnRNP proteins GLY-RICH PROTEIN7 (GRP7) and
GRP8 (Streitner et al., 2012), POLYPYRIMIDINE
TRACT BINDING PROTEIN1 (PTB1) and PTB2 (Rühl
et al., 2012), RZ-1B/RZ-1C (Wu et al., 2016), and the
SR-like protein SR45 (Carvalho et al., 2016). Further-
more, binding motifs required for AS control by SR45
(Day et al., 2012) and the SC35-LIKE33 (SCL33; Thomas
et al., 2012) have been identified in single target pre-
mRNAs. Recently, transcriptome-wide approaches for
profiling interaction sites of RNA binding proteins have
been established in plants (Meyer et al., 2017; Xing et al.,
2015; Zhang et al., 2015) and are expected to consider-
ably accelerate the discovery of novel AS targets and
binding motifs for the large number of potential plant
AS regulators.
While it iswell established thatmanifoldAS changes are

triggered by diverse developmental signals and external
cues, few AS events have been functionally characterized
in plants. In Arabidopsis, many AS variants are targeted
by nonsense-mediated decay (NMD; Kalyna et al., 2012;
Drechsel et al., 2013). Coupling of AS and NMD enables
quantitative gene control,which is particularly common in
the auto- and cross-regulation of splicing regulators, in-
cluding Arabidopsis SR proteins (Kalyna et al., 2006),
GRP7/8 (Staiger et al., 2003; Schöning et al., 2008), and
PTBs (Stauffer et al., 2010).Moreover, for someAS events,
it has been shown that the splicing variants generate
functionally distinct proteins. For example, Kriechbaumer
et al. (2012) have demonstrated that tissue-specific AS
allows targeting the auxin biosynthetic component
YUCCA4 to the endoplasmic reticulum in flowers and to
the cytosol in all other examined tissues. Organ-specific
AS has also been revealed for the pre-mRNA of the
ZINC-INDUCED FACILITATOR-LIKE1 (ZIFL1)
transporter (Remy et al., 2013). This AS event causes

differential targeting of ZIFL1 to the vacuolar and
plasma membrane in root and guard cells, respec-
tively, with specific functions in auxin transport and
stomatal movement-dependent drought tolerance. AS
of the PHYTOCHROME INTERACTING FACTOR6 is
involved in the regulation of seed germination (Penfield
et al., 2010; Rühl et al., 2012).

AS also represents a powerful mechanism to coor-
dinate the expression of sets of genes. Studies in ani-
mals demonstrate that specific AS programs underlie
certain aspects of neuronal development (Li et al., 2014;
Gueroussov et al., 2015; Traunmüller et al., 2016). Fur-
thermore, cell cycle progression is accompanied by
periodic AS programs and depends on an SR protein
kinase in human cells (Dominguez et al., 2016). In
plants, few studies have profiled developmentally
controlled AS in a transcriptome-wide manner and at
high spatiotemporal resolution. Li et al. (2016) have
provided a high-resolution expression map of the
Arabidopsis root, covering different cell types and de-
velopmental stages. Interestingly, their data also sup-
port a role of coordinated AS programs in cell
differentiation, while no evidence for AS-mediated cell-
type specification has been observed. Furthermore,
transcriptome analyses in the course of photomorpho-
genesis have revealed widespread AS changes within
few hours of light exposure of etiolated Arabidopsis
seedlings (Shikata et al., 2014; Hartmann et al., 2016).
Interestingly, more than 60% of the regulated AS events
show a switch from a presumably nonproductive var-
iant in darkness to a probably protein-coding variant
in light (Hartmann et al., 2016), thereby allowing to
ramp up expression of critical factors. Experimental
evidence for such regulation has been provided for the
positive light signaling component REDUCED RED-
LIGHT RESPONSES IN CRY1CRY2 BACKGROUND1
(Shikata et al., 2012), which displays an AS switch from
an NMD target in darkness to a protein-coding tran-
script variant in light (Hartmann et al., 2016). Further-
more, evidence was provided that photomorphogenesis
is promoted by light-dependent AS of SPA1-RELATED3
(Shikata et al., 2014) due to light-triggered formation of a
dominant-negative version of this repressor of photo-
morphogenesis.

Critical functions of AS in many aspects of plant
development and stress responses can also be deduced
from the complex phenotypes of splicing regulator
mutants (Staiger and Brown, 2013), albeit some of the
defects might not result from AS but be linked to other
RNA metabolic functions of these factors. Several re-
ports highlight an important role of AS in regulating the
plant circadian clock. Accordingly, extensive and
temperature-dependent AS has been demonstrated for
clock genes from Arabidopsis (James et al., 2012;
Filichkin et al., 2015), and mutations in the PROTEIN
ARG METHYL TRANSFERASE5 (Sanchez et al., 2010)
and the splicing factor SNW/SKI-INTERACTING
PROTEIN (Wang et al., 2012) alter circadian rhythms
due to mis-splicing of clock genes. Misexpression of SR
protein genes results in various changes in plant
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morphology (Lopato et al., 1999; Kalyna et al., 2003; Ali
et al., 2007). Interestingly, several SR and hnRNP protein
mutants show altered flowering time (Staiger and Green,
2011; Staiger and Brown, 2013), and a recent report pro-
vides evidence for regulation of FLOWERING LOCUSM
via coupled AS-NMD (Sureshkumar et al., 2016).

The SR genes from Arabidopsis are subject to exten-
sive AS regulation, which is modulated in response to
hormone treatment and in particular abiotic stresses,
such as extreme temperatures, salt stress, and high light
(Palusa et al., 2007; Tanabe et al., 2007; Filichkin et al.,
2010). Many AS variants derived from the SR genes are
subject to NMD (Palusa and Reddy, 2010; Kalyna et al.,
2012), and differential splicing variant recruitment to
polysomes has been observed during development and
in response to stresses (Palusa and Reddy, 2015). In-
terestingly, in the case of the SR-like factor SR45, dis-
tinct biological functions of the two AS variants have
been demonstrated by complementing a mutant in a
splicing variant-specific manner (Zhang and Mount,
2009). While the mutant shows defects in petal devel-
opment and root growth, complementation with SR45.1
and SR45.2 specifically rescues the petal and root phe-
notype, respectively. However, for most SR genes, the
specific function of their transcript variants and the im-
pact of AS on gene expression remain unknown.

Here, we functionally characterized light-regulated AS
of the SR30 gene. In dark-grown seedlings, splicing from
an alternative upstream 39 splice site resulted in pre-
dominant generation of SR30.2, which was enriched in
nuclear fractions and depleted in cytosolic fractions.
Furthermore, only a minor fraction of SR30.2 was found
to be associatedwith ribosomes. Light exposure triggered
usage of a downstream 39 splice site, generating SR30.1,
which is efficiently exported from the nucleus and trans-
lated in the cytosol. In line with the distinct subcellular
distribution patterns of their mRNAs, the SR30.1 protein
accumulated to significant levels, while SR30.2 was not
detectable in Arabidopsis plants. Constitutive expression
of the two protein isoforms in transient expression sys-
tems revealed identical localization patterns offluorescent
protein fusions in the nucleus and similarAS regulation of
an SR30-based splicing reporter. Besides the major AS
variants SR30.1 and SR30.2, we detected the minor cas-
sette exon variant SR30.3 that is generated by utilizing
both alternative 39 splice sites. SR30.3 was targeted by
NMD, while SR30.2 was NMD immune. Furthermore,
the SR30.2 cDNA sequence expressed from a transgene
could be further spliced to SR30.3. Our findings highlight
a complex interplay of nuclear and cytosolic processing
events in the regulation of SR30 expression.

RESULTS

Light Induces a Rapid and Transient AS Shift for the
Splicing Factor Gene SR30

Transcriptome-wide AS profiling of etiolated Arabi-
dopsis seedlings either exposed to different light qual-
ities for 6 h or retained in darkness revealed several

hundred AS event changes in response to illumination
(Hartmann et al., 2016). Interestingly, the majority of
regulated AS events display a switch from a presum-
ably unproductive transcript in darkness to a likely
protein-coding variant in light (Hartmann et al., 2016).
To understand the regulation and potential impact of
this apparently frequent mode of AS shift, AS of SR30
was functionally characterized. Two major SR30 vari-
ants are generated by AS in etiolated seedlings. SR30.1
was predominantly produced upon light exposure and
encodes the annotated full-length SR30 protein (Fig. 1A;
Supplemental Fig. S1). In darkness, SR30.2 was the
major isoform,which results fromusage of an upstream
39 splice site. The additional sequence included in
SR30.2 gives rise to a premature termination codon.
Therefore, SR30.2 contains an extended 39 untranslated
region (UTR) and an intron positioned downstream of
the stop codon, features known to be able to trigger
NMD in plants (Kerényi et al., 2008).

The levels of these twomajor SR30 variants were first
measured in etiolated seedlings after various periods of
exposure to white light (Fig. 1B). Interestingly, a trend
of reciprocal changes in the levels of SR30.1 and SR30.2
was already visible after 0.5 h of light exposure. Maxi-
mum and minimum levels of SR30.1 and SR30.2, re-
spectively, were reached upon 6 h of white light
treatment. Levels of SR30 splicing variants remained
unchanged when seedlings were kept in darkness.
These data showed a rapid and transient AS response of
SR30 to white light. Furthermore, reciprocal changes
in SR30.1 and SR30.2 suggested that the changes occur
directly on the level of AS, rather than resulting from
light-induced changes in stability of one transcript
variant. Illuminating etiolated seedlings with blue
(Fig. 1C) and red (Fig. 1D) light also triggered opposite
changes in steady state levels of SR30.1 and SR30.2,
consistent with the earlier report of similar AS changes
in response to different light qualities (Hartmann et al.,
2016).

Switching between SR30 Splicing Variants Regulates
Gene Expression

Based on the analysis of transcript features, we ex-
pected that SR30.1 encodes a full-length protein,
whereas the presence of a long 39 UTR as well as a 39
UTR-located intron in SR30.2 should trigger NMD.
However, analyzing transcript steady state levels in the
NMD-impaired mutants low-beta-amylase1 (lba1; Yoine
et al., 2006) and up-frameshift3-1 (upf3-1; Hori and
Watanabe, 2005) revealed comparable levels of both
SR30.1 and SR30.2 in the wild type and mutant lines
(Fig. 2A). Our analysis also included the minor AS
variant SR30.3, which we identified by sequencing
RT-PCR products from SR30 and which results from
usage of the same alternative 39 splice site as in SR30.2
but has an additional splicing event in the region
retained in SR30.2 (Fig. 1A; Supplemental Fig. S1). In
contrast to SR30.2, SR30.3 accumulated in the NMD-
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impaired samples relative to the wild type (Fig. 2A). In
line with its NMD insensitivity, SR30.2 displayed a
rather high stability, with a half-life of 7.65 h upon
transcriptional inhibition (Fig. 2B). Interestingly, SR30.1
was considerably less stable, displaying a half-life of
1.60 h.
NMD requires translation of its target mRNAs. Thus,

a process withholding SR30.2 from translation could
impart immunity to NMD despite the presence of
strong NMD-eliciting features. For example, retaining
SR30.2within the nucleus would prevent its translation
and NMD targeting. We therefore examined the dis-
tribution of splicing variants in RNA isolated from total
samples, cytosol-enriched fractions, and nuclei (Fig. 2,
C–E). Purity of the fractionswas confirmed by exclusive
detection of the nuclear and cytosolic marker proteins
histone and UDP-Glc pyrophosphorylase (UGPase),
respectively (Fig. 2C). The ratio of SR30.2/.1 was in-
creased in nuclei compared to total fractions, support-
ing the theory of impaired nuclear export of SR30.2
(Fig. 2, D and E). Levels of SR30.1 and SR30.2were also
quantified separately in the samples from the fraction-
ation experiment. Compared to the total sample, SR30.2

was depleted and enriched in the cytosolic and nuclear
fraction, respectively (Fig. 2F). We also analyzed ratios
of AS variants from SERRATED LEAVES AND EARLY
FLOWERING (SEF) and RS2Z33, which have been
previously reported to generate AS transcripts that ac-
cumulate in the nucleus as a consequence of intron re-
tention (Göhring et al., 2014). The AS ratios of these
controls shifted even more toward the longer variant in
the nuclear fraction (Fig. 2E), possibly due to more ef-
ficient nuclear retention of the intron-retained tran-
scripts compared to SR30.2.

To test whether nuclear accumulation of SR30.2 oc-
curs in a species-specific manner, we transiently
expressed a splicing reporter based on the genomic
sequence of SR30 from Arabidopsis in Nicotiana ben-
thamiana (see Fig. 5 for reporter diagram and splicing).
The reporter gave rise to the same AS variants SR30.1
and SR30.2 as in Arabidopsis, and the levels of these
transcripts were analyzed in total and fractionated
samples. Again, diminished and elevated levels of
SR30.2 were observed in cytosolic and nuclear frac-
tions, respectively (Fig. 2G). When considering both the
cytosolic enrichment and nuclear depletion of SR30.1,

Figure 1. Light exposure triggers opposite changes in levels of major SR30 splicing variants. A, Gene model of SR30 including
splicing variants analyzed in this work. Primers binding within one exon are shown as arrowheads, whereas arrows with dotted
lines indicate primer binding sites spanning splice junctions. The topmost pair are coamplification primers used in downstream
analyses, while the primer pair directly above the first variant was used to measure total SR30 transcripts. Below each variant, the
positions of primers used in RT-qPCR for detection of the corresponding splicing variants are indicated. Lines and boxes depict
introns and exons, respectively; UTRs and cds are indicated by black and gray shading, respectively. Gray dashed line indicates
binding site of artificial microRNA (amiR) spanning a specific splice junction of SR30.1. The triangle points at the T-DNA insertion
site of sr30. Underneath the gene models, representative coverage plots are shown from a previous RNA-seq study (Hartmann
et al., 2016) for dark (D) and 6-h white light (L). B to D, Splicing variants were quantified using RT-qPCR in seedlings exposed to
white (B), blue (C), or red (D) light for indicated periods. Levels are relative to total SR30 transcripts and normalized to the 0 h
sample. D, Dark; mean values + SD (n = 3–7 for white and n = 3 for blue and red light).
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the differences in subcellular distribution of the two
splicing variants were particularly obvious. We obtained
similar results when random hexamer or oligo(dT)
primers were used for priming in reverse transcription
(Fig. 2G), suggesting that the differential compartmenta-
tion of SR30.1 and SR30.2 is not explained by the presence
of a major fraction of nonpolyadenylated transcripts.

Given the differential subcellular distribution of SR30
splicing variants and its potential impact on their cellular
fate, we analyzed variant levels in mutants defective in
nuclear and cytosolic RNA degradation (Supplemental
Fig. S2). Mutants with defects in the exosomal core com-
ponents SUPPRESSOR OF PAS2 2/RRP4 (sop2-1) and
mRNATRANSPORT3 (mtr3) or a nuclear exosome factor

(hua-enhancer2-4, hen2-4) had an ;2-fold increase in
SR30.1 and SR30.2 levels; an even stronger accumulation
was seen for the cassette exon variant SR30.3. In line with
the increased levels of the individual splicing variants,
total SR30 transcript levels were also elevated in these
mutants. As expected, the mtr4-1 mutant impaired in
nucleolar exosome function showed wild-type-like levels
for all SR30 transcript types. Unchanged steady state
levels of all SR30 transcripts were also observed in a
superkiller (ski) mutant that is defective in a factor con-
tributing to cytoplasmic exosome function. Besides exo-
some mutants affected in 39-59 decay, we also tested a
potential role of 59-39 exoribonucleases (XRNs) in the
degradation of SR30 transcripts (Supplemental Fig. S2).

Figure 2. The SR30.2 variant is relatively stable and enriched in the nucleus. A, SR30 transcript levels determined via RT-qPCR in
10-d-old green wild-type, lba1, or upf3 seedlings, relative to total SR30 and the wild type. Mean values + SD; n = 3. B, Analysis of
SR30.1 and SR30.2 RNA stability in 7-d-old Arabidopsis seedlings upon addition of cordycepin. Transcript levels were measured
using RT-qPCR and normalized to a stable actin reference. Mean values6 SD are displayed on a log2 axis; n = 3. Half-lives based
on exponential regression curves. C, Immunoblot analysis of total (T), cytosolic (C), and nuclear (N) fractions, with histoneH3 and
UGPase being detected as nuclear and cytosolic markers, respectively. Amidoblack staining shown beneath immunosignals;
positions of relevant size marker bands are indicated. D, Coamplification of AS variants for SR30, SEF, and RS2Z33 from fractions
described in C. Bands corresponding to fragments used for quantitation are marked with white and black dots next to nuclear
samples. L, size ladder consisting of DNAs in 100-bp increments from 200 to 800 bp. E, Ratios of long to short AS variants in
nuclear fractions relative to total fractions. Mean values + SD; n = 3. F and G, Levels of SR30 AS variants relative to total SR30
determined via RT-qPCR in indicated fractions from Arabidopsis (At) seedlings (F) andN. benthamiana (Nb) leaves expressing an
SR30 reporter (G), using N6 (left) or dT20 (right) for cDNA generation. Mean values + SD; n = 3.
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A single mutant in the cytoplasmic XRN4 accumulated
higher levels of all SR30 splicing variants. The increase
was approximately 2-, 3-, and 4-fold for SR30.1, SR30.2,
and SR30.3, respectively. Double mutants impaired in
XRN4 and the nucleolar XRN2 or the nucleoplasmic
XRN3 showed similar results as the single xrn4 mutant,
suggesting a major role of cytoplasmic but not nuclear 59-
39 decay. Furthermore, we analyzed the fiery1-6 (fry1-6)
mutant, in which the activity of all three XRNs is reduced
(Gy et al., 2007). In line with the data from the xrn mu-
tants, the variant SR30.3 strongly overaccumulated in the
fry1-6 seedlings. However, levels of SR30.1 and SR30.2
were higher and lower, respectively, in fry1-6 relative to
the xrnmutants, possibly due to a change inAS of SR30 in
the fry1-6 mutant that shows several phenotypical ab-
normalities. Taken together, our data indicated that both
nucleoplasmic 39-59 and cytoplasmic 59-39 decay contrib-
ute to the degradation of all three SR30 splicing variants.
The stronger accumulation of the SR30.3 variant can be
explained by a major impact of RNA turnover on the
steady state level of this low abundant splicing variant.
The nuclear enrichment of SR30.2 and its NMD im-

munity indicated that at least a substantial fraction of
this AS variant did not undergo translation.We directly
tested this hypothesis by isolating ribosomes and ana-
lyzing the distribution of SR30 splicing variants in total
and ribosomal fractions. Ribosomes were purified via
immunoprecipitation from an Arabidopsis transgenic
line expressing an epitope-tagged version of the ribo-
somal protein L18 (RPL18; Zanetti et al., 2005;
Mustroph et al., 2013). Successful and specific immu-
noprecipitation was confirmed by immunoblot detec-
tion of the tagged ribosomal protein (Fig. 3A).
Coamplification of SR30.1 and SR30.2 indicated a weak
ribosomal association of SR30.2 (Fig. 3B), which was
confirmed by quantification of the individual splicing
variants (Fig. 3C). SR30.2 was strongly depleted in the
ribosomal sample compared to the input, irrespective
of the use of random hexamers or oligo(dT) primers for
reverse transcription. In contrast, strong ribosomal as-
sociation was detected for SR30.1.
We next investigated whether the small fraction of

SR30.2 transcripts associated with ribosomes gave rise to
detectable amounts of a corresponding protein. Constitu-
tive expression of epitope-tagged constructs based on the
coding sequences (cds; Fig. 3D) or cDNAs including 59 and
39 UTRs (Fig. 3E) of SR30.1 and SR30.2 in N. benthamiana
resulted in robust protein accumulation for SR30.1. In
contrast, no ormuchweaker protein signals were detected
upon expression of the constructs based on SR30.2. SR30.1
and SR30.2 are predicted to encode proteins of 30.4 and
29.1 kDa, respectively, and the triple HA tag is expected to
increase protein size by ;3 kDa. The expression of both
constructs resulted in immunosignals of similar Mr
slightly above 40 kDa. Immunoblot detection using an
affinity-purified antibody that was raised against the
recombinant full-length SR30.2 protein confirmed the
results obtainedwith the tag-specific antibody (Fig. 3E).
Considering that the expression via infiltration

assays of N. benthamiana leaves represents an artificial

and transient system, we also tested SR30 protein ac-
cumulation in Arabidopsis wild-type and stably
transformed lines. Immunoprecipitation followed by
immunoblot analysis with the SR30 antibody resulted
in a double band of;40 kDa for wild-type Arabidopsis
seedlings (Fig. 3, F and G). The lower signal was absent
in a transgenic line expressing an artificial microRNA
(amiR) directed against SR30.1 (Fig. 3G; Supplemental
Table S1) as well as in the T-DNA insertion line sr30
(Supplemental Fig. S3, A–C), which was expected to be
impaired in the expression of any SR30 protein. Ac-
cordingly, the lower signal of the double band in wild-
type plants can be assigned to the SR30 protein. Fur-
thermore, SR30 protein detection in transgenic lines
expressing tagged versions of the cDNAs from SR30.1
and SR30.2 (Supplemental Table S1) resulted in an ad-
ditional, upward shifted signal for SR30.1 (Fig. 3F). This
signal was also detectable using a tag-specific antibody.
In contrast, no construct-specific protein signal was
observed in the case of SR30.2 overexpression, in line
with our finding of low or undetectable accumulation
of this protein upon transient expression. The upper
signal of the double band detected in wild-type and
transgenic seedlings may represent an unspecific signal
or cross-detection of a related SR protein. Given the
pronounced AS shift of SR30 during photomorpho-
genesis, we also analyzed SR30 protein levels in etio-
lated seedlings exposed to light for different periods as
well as in light-grown seedlings. The specific SR30
signal was weakest in etiolated seedlings and became
stronger with the duration of light exposure
(Supplemental Fig. S3C), in agreement with a light-
induced switch to the protein-coding variant SR30.1.
Taken together, our data indicated that light-mediated
AS of SR30 mainly functions in quantitative gene con-
trol, whereas no evidence for significant accumulation
of the alternative protein SR30.2 in wild-type samples
was found.

Proteins Encoded by the SR30 Variants Show Comparable
Nuclear Localization and Splicing Regulatory Functions

Immunological detection of the proteins generated
upon transgenic expression of the SR30 variants
revealed that SR30.2 results in substantially weaker
signals than SR30.1, irrespective of the presence or ab-
sence of the UTRs. The proteins encoded by the two
major AS variants of SR30 differ only in their C termini.
Due to upstream 39 splice site usage, SR30.2 possibly
encodes a protein that is 12 amino acids shorter than
SR30.1 and that ends with a specific sequence of
10 amino acids. To test if AS of SR30 enables not only
quantitative control of gene expression but can also
give rise to potentially functionally distinct proteins
under any condition, we first analyzed the subcellular
localization of both protein variants. Reporter con-
structs containing fusions of the cds from SR30.1 or
SR30.2 and yellow or cyan fluorescent protein were
transiently expressed inArabidopsis protoplasts, followed
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by in vivo imaging. Note that UTR-free constructs were
used for constitutive expression in an artificial and tran-
sient assay and that inspection of fluorescence in individ-
ual protoplasts does not allow a quantitative comparison
of the accumulation for the two SR30 variants. Both
SR30.1-YFP and SR30.2-YFP were detectable and colo-
calized with the marker construct NLS-DsRED in the nu-
cleus (Fig. 4A; Supplemental Fig. S4A). Colocalization

studies of SR30.1 and SR30.2 reporter fusions showed
completely overlapping signal patterns (Fig. 4, B–D).
Within the nucleus, the fusion proteins generally localized
in the nucleoplasm, while they were absent from the nu-
cleoli. In some protoplasts, both fusion proteins also ac-
cumulated in nuclear speckles (Fig. 4D). To test if the
presence of a fluorescent protein tag in the localization
constructs affected the accumulation of the corresponding

Figure 3. Splicing to SR30.2 results in diminished protein production. A, Immunoblot detection of Flag-tagged RPL18 in input (In)
and immunoprecipitation (IP) fractions of 10-d-old green Arabidopsis seedlings from indicated genotypes. Twenty micrograms of
total protein of In (;0.1%of In) and 6%of IP samplewas loaded. L, ladder containing proteins of indicated sizes. Upper and lower
panels depict immune signal and amidoblack staining, respectively. B, RT-PCR coamplification of SR30.1/.2 from total RNA
preparation (To; standard RNA extraction directly from freshly frozen material) and samples described in A. L, size ladder
consisting of DNAs in 100-bp increments from 200 to 600 bp. C, Levels of SR30.1 and SR30.2 were determined via RT-qPCR in
samples described before and are depicted relative to total SR30 transcripts and normalized to a total sample from the wild type.
Reverse transcription of RNAs performed with dT20 (top) or N6 (bottom) primers. Mean values + SD; n = 3. Values for SR30.2 in
relevant In and IP fractions are provided. D and E, Immunoblot detection of HA-tagged SR30.1 and SR30.2 inN. benthamiana upon
transient expression of constructs based on the cds (D) or the cDNAs with 59 and 39 UTRs (E). Each sample pair came from corre-
sponding leaf halves. WT, Noninfiltrated leaf. Fifteen micrograms of total protein each (D) or fresh weight equivalents (E) were
loaded; lower panels show amidoblack staining as the loading control. F and G, Immunoblot analysis upon immunoprecipitation
witha-SR30 from 10-d-old greenwild-type or transgenic Arabidopsis seedlings, expressing indicated cDNA-HA3 constructs (F) or an
amiR construct targeting SR30.1 (G). Fresh weight equivalents were loaded; cross-detection band (asterisk) serves as the loading
control. Open arrowheads indicate endogenous SR30, and closed arrowheads in (F) mark tagged SR30.1.
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fusion proteins and to be able to compare their levels
quantitatively, we transiently expressed the reporter fu-
sions inN. benthamiana, followed by immunoblot analysis.
In agreement with the previous immunoblots, the fusions
containing SR30.1 resulted in strong protein signals,
whereas the SR30.2 fusions were not detected or were
barely detectable (Supplemental Fig. S4B). SR30.1-Y/CFP
was detected as two bands with a size of ;70 kDa. This
corresponded to a size shift of approximately 10 kDa
above the theoretical size, as we observed for the other
SR30 immunosignals. Taken together, our data suggested
that SR30.2 resulted in considerably lower protein accu-
mulation than SR30.1, most likely as a consequence of the
nuclear retention of SR30.2. While we cannot exclude that
other parameters, such as the degree of protein extract-
ability, contributed to the differences in strength of the
immunosignals between SR30.1 and SR30.2, the very
small fraction of SR30.2 associated with ribosomes sug-
gested that its low level of translation was the main cause
for our observation.
Previous work indicated that SR30 can regulate AS of

its own pre-mRNA, as overexpressing SR30 results in
an altered AS output for the endogenous SR30 locus
(Lopato et al., 1999). However, effects of the proteins
potentially encoded by the two AS variants of SR30
have not been compared. To allow a quantitative
comparison, a splicing reporter based on the genomic
sequence of SR30 and containing a tag sequence for
specific detection (Fig. 5A) was coexpressed with cds
constructs of SR30.1 and SR30.2. Interestingly, both
SR30.1 and SR30.2 shifted reporter splicing toward the
SR30.2 transcript version (Fig. 5B). Quantitation of the
data revealed that the two SR30 variants displayed a
comparable splicing regulatory activity (Fig. 5C). In
summary, enforcing the expression of the two protein
variants using a strong constitutive promoter and
omitting the UTRs did not provide evidence that AS of
SR30 can give rise to functionally distinct proteins.

The SR30.2 Transcript Can Be Further Spliced

A substantial fraction of SR30.2 transcripts was
found in the nucleus, where these transcripts may be
subject to further processing including degradation.
Interestingly, light-induced AS of SR30 not only led to
an altered ratio of SR30.1/SR30.2, but also caused sig-
nificant changes for several cassette exon events in the

Figure 4. Fluorescent protein fusions of SR30.1 and SR30.2 both localize to the nucleus in Arabidopsis protoplasts. A, A construct
containing the cds of SR30.1 fused to YFP was transiently coexpressed with the nuclear marker NLS-DsRED in Arabidopsis
protoplasts, followed by imaging using confocal microscopy. B and C, Colocalization of SR30.1 and SR30.2 fusions.
D, Colocalization of SR30.2-YFP and SR30.1-CFP in the nucleoplasm and speckles. Bars = 10 mm in all panels.

Figure 5. Both SR30.1 and SR30.2 can alter splicing of the SR30 pre-
mRNA. A, Gene model of the reporter used for the splicing assay. Exons
are shown as boxes and introns as lines. White, cds; hatched, 39UTR in
SR30.2; gray, cds in SR30.1 and 39 UTR in SR30.2; black, HA-tag. Ar-
rowheads indicate binding positions of primers for coamplification of
resulting splicing variants. With the exception of the HA-tag, model is
drawn to scale. B, RT-PCR products upon coamplification of splicing
variants SR30.1 and SR30.2 from the reporter coexpressed with a
control protein (luciferase [LUC]) or the cds of SR30.1 and SR30.2.
Shown is representative agarose gel including a no template control (2)
and DNA size ladder (M) with 100-bp increments. C, Ratio quantifi-
cation using a Bioanalyzer for splicing variants displayed in B and
normalized to the control (LUC). Mean values + SE; n = 14 to 15.
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same region (Fig. 6A; data from Hartmann et al., 2016).
The cassette exons result from two splicing events using
both alternative 39 splice sites, whereas for SR30.1 and
SR30.2 only the downstream and upstream 39 splice
site, respectively, are used. The five cassette exon vari-
ants include SR30.3 and differ only in their 59 splice site
within the region that is retained in SR30.2 and intronic
for SR30.1 (Fig. 6A; Supplemental Fig. S5). The corre-
sponding cassette exons are 165, 147, 127, 117, and
112 bp in size. Three of the cassette exon events (alt-es-
12209/12210/12211) have been previously identified as
being regulated by NMD (Drechsel et al., 2013). NMD
targeting of SR30.3 (alt-es-12209) was confirmed in this
study (Fig. 2A). Based on the coverage plots from the
RNA-seq data and the absence of bands corresponding
to the cassette exon variants in RT-PCR reactions
coamplifying SR30.1 and SR30.2, we concluded that the

steady state levels of the cassette exon variants were
relatively low. Their low abundance can result from
minor usage of the corresponding splice sites and/or
high transcript turnover, in line with NMD targeting of
SR30.3 and its strong overaccumulation in RNA deg-
radation mutants. Remarkably, further splicing of
SR30.2 might produce the cassette exon variants and
thereby induce nuclear export and cytoplasmic decay of
these transcripts. In support of such a route for gener-
ating the cassette exon variants, no splicing variants
were observed that retained the intron upstream of the
cassette exons or were derived from using alternative 59
or 39 splice sites in this upstream region.

To investigate how AS of SR30 affects the generation
of the various splicing variants, their levels were ana-
lyzed in dark-grown seedlings as well as upon light
and/or sugar treatment, based on the previous

Figure 6. SR30.2 can be further spliced to SR30.3. A, Partial models of SR30 alternative splicing variants that were previously
identified (Hartmann et al., 2016) to be significantly altered relative to SR30.1 upon light exposure of etiolated seedlings. Lines and
boxes correspond to introns and exons, respectively. Gray and black fills indicate coding sequence and 39 UTR, respectively; AS
event identifiers from previous study (Hartmann et al., 2016) are provided. B, Levels of SR30 splicing variants relative to reference
PP2A and ratio SR30.3/SR30.2were determined using RT-qPCR from lba1 seedlings grown for 6 d in darkness and then retained in
darkness or exposed for 6 h to white light in liquid control medium (MS) or medium containing 2% Suc. Data normalized to
corresponding values from seedlings kept in dark andMS. Mean values + SD; n = 3 for sugar and light treatments and n = 2 for dark/
MS controls. C, RT-PCR products upon coamplification of SR30.1 (circles) and SR30.2 (arrowheads) from Arabidopsis (A.t.)
seedlings grown for 6 d in dark (D) or under long-day conditions (L) or N. benthamiana (N.b.) leaves transformed with SR30
constructs. Transformation results in constitutive expression of cDNA constructs (.1 and .2) based on the corresponding Arabi-
dopsis SR30 variants or the genomic Arabidopsis SR30 sequence (Gen.). Black symbols indicate positions of products corre-
sponding to endogenous splicing variants, and white symbols point at transgene-derived products that are size-shifted due to the
presence of a tag. Size marker (M) consists of DNAs in 100-bp increments, with the lowest band representing 200 bp. D, RT-PCR
products upon amplification of SR30.3 (indicated by diamonds), either from the endogenous locus and transgene (upper gel) or
specifically from the transgene (lower gel). Samples as in C,with added nontransformedwild-type control forN. benthamiana. Size
marker in 100-bp increments; top bands correspond to 200 and 300 bp in upper and lower gels, respectively.
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observation that both signals trigger AS for SR30 and
other genes (Hartmann et al., 2016). We used seedlings
of wild type and the NMD-impaired mutant lba1, in
which the NMD target SR30.3 overaccumulated rela-
tive to the wild type, while levels of SR30.1 and SR30.2
were not affected (Fig. 2A). In line with our previous
observations (Hartmann et al., 2016), both light and
sugar exposure caused an increase of SR30.1 and a
concomitant reduction of SR30.2 in lba1 seedlings (Fig.
6B; Supplemental Fig. S6A). SR30.3was used as a proxy
for the cassette exon variants, as measuring them col-
lectively by RT-qPCR without detecting SR30.2 is not
possible. Interestingly, levels of SR30.3 were also re-
duced in sugar- and light-treated seedlings (Fig. 6B).
The reduction in SR30.3 was less pronounced than for
SR30.2, as also reflected by an increased ratio of SR30.3/
SR30.2 upon sugar and light treatment (Fig. 6B). The
increased ratio of SR30.3/SR30.2 in sugar-/light-
treated samples may result from further splicing of
SR30.2 to the cassette exon variants; this AS ratio
change is in line with the activation of the downstream 39
splice site,which is also used for splicing of thepre-mRNA
to SR30.1 under these conditions. As an alternative to
the generation of the cassette exon variants from the
mature SR30.2 mRNA, these transcripts may also
originate directly from splicing of the pre-mRNA.
Similar light- and sugar-induced changes in the levels
of the individual SR30 variants were observed for wild-
type seedlings (Supplemental Fig. S6B). However,
changes in the SR30.3/SR30.2 ratios were less pro-
nounced in the wild type compared to lba1 seedlings,
possibly due to different turnover rates of SR30.3.
We next tested whether SR30.3 can be spliced from a

cDNA corresponding to the SR30.2 sequence or if the
authentic pre-mRNA context is required. Therefore, SR30
AS patterns were determined in Arabidopsis seedlings
and infiltrated N. benthamiana leaves expressing con-
structs based on SR30.1 or SR30.2. Coamplification with
primers spanning the alternatively spliced region of SR30
detected endogenous SR30.1 and SR30.2 in wild-type
Arabidopsis seedlings, with the light-dependent differ-
ences in the ratios as described before (Fig. 6C, left). In
Arabidopsis seedlings transformed with 35S promoter-
driven constructs based on the SR30.1 or SR30.2
cDNAs, the main signal corresponded to the respective
transgene, independent of the light condition. This ob-
servation further substantiated the conclusion that
light-dependent changes in the levels of SR30 transcript
variants resulted from AS and not altered transcript
turnover rates. The products derived from the trans-
gene and the endogenous locus could be distinguished
by their size difference; due to the presence of a tag in
the constructs, the corresponding RT-PCR products
were larger than those derived from the endogenous
SR30 locus. In the lines overexpressing SR30.2, the en-
dogenous SR30.1 and its light induction was still visi-
ble, while endogenous SR30.2 was not detected in the
lines overproducing SR30.1 (Fig. 6C, left). This is likely
due to the fact that SR30.1 and SR30.2 accumulated to
different extents. In N. benthamiana leaves transiently

expressing a construct based on the genomic sequence of
SR30 from Arabidopsis (Fig. 6C, right), both major SR30
splicing variants were detected. In contrast, leaves
expressing the cDNA constructs allowed only detection of
the respective variants. We next used these samples to
examine whether the SR30.2 cDNA can be further pro-
cessed to SR30.3. Using a primer combination that can
detect SR30.3 produced both from the endogenous SR30
locus and the transgene (Fig. 6D, upper panel) resulted in
detection of this variant in all Arabidopsis samples andN.
benthamiana leaves expressing SR30.2. Furthermore, the
level of SR30.3 was strongly increased upon SR30.2
overexpression,whileSR30.1overexpressionhadno effect
on the accumulation of the cassette exon variant in the
stably transformed Arabidopsis lines (Supplemental Fig.
S6C). To support direct processing of SR30.2 to SR30.3, we
used a tag-specific primer in combination with an SR30.3-
specific primer. Indeed, SR30.3 production from the
transgene was found in all samples expressing the SR30.2
construct (Fig. 6D, lower panel). This splicing event from
SR30.2 to SR30.3 is expected to trigger nuclear export of
the transcript, followed by its translation and degradation
via NMD, which may represent a major route of its
turnover. Additional work is needed to test if our finding
of further splicing of a transgene-derived SR30.2 variant
also applies to generation of the corresponding SR30
transcripts from the endogenous locus. Interestingly, in-
spection ofASpatterns for several otherSRgenes revealed
the occurrence of similar AS events within long introns as
for SR30, suggesting that related splicing mechanisms
may be more common (Supplemental Fig. S7).

DISCUSSION

Regulation of SR30 Expression via Alternative RNA
Processing in the Nucleus and Cytosol

We have demonstrated in this study that light-
regulated AS controls expression of SR30 by creating
splicing variants that show distinct subcellular distri-
bution patterns and are degraded via different mecha-
nisms (Fig. 7). In the presence of light, usage of the
downstream 39 splice site generates SR30.1, which is
exported to the cytosol and translated into the corre-
sponding splicing regulator. In darkness, splicing from
the upstream 39 splice site produces SR30.2, which is
enriched in the nucleus and depleted from the cytosolic
fraction. The nuclear enrichment of SR30.2 is in line
with its weak ribosomal association and NMD immu-
nity, despite the presence of a premature termination
codon and long 39 UTR, both of which are NMD-
triggering features. The nuclear enrichment of SR30.2
can result from either impaired export of this splicing
variant into the cytoplasm or accelerated turnover in the
cytoplasm. Given that SR30.2 accumulates only slightly
stronger than SR30.1 in cytoplasmic RNAdecaymutants
and that SR30.2 is significantly more stable than SR30.1,
we think that impaired nuclear export of SR30.2 is
mainly responsible for our observations. Additionally,
theminor variant SR30.3 retaining a cassette exonwithin
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the alternatively spliced region has been detected. Based
on the currently available data, generation of SR30.3 by
splicing of the primary pre-mRNAaswell as consecutive
splicing of the SR30.2 mRNA seem plausible (see dis-
cussion below). NMD targeting of SR30.3 and, according
to published RNA-seq data (Drechsel et al., 2013), other
cassette exon variants of SR30 implies that thesemRNAs
are exported from the nucleus and translated. Based on
our results, we propose that regulatedAS of SR30 allows
rapid adjustment of the expression of this splicing reg-
ulator to ambient light conditions.

Our findings reveal an unexpected complexity of AS
variant formation and downstream regulatory pro-
cesses. The observation of nuclear enrichment of a
splicing variant resulting from alternative 39 splice site
usage in the SR30 pre-mRNA suggests that many other
AS events may affect nuclear export of the corre-
sponding splicing variants. A previous study reported
nuclear accumulation of intron-retained transcripts
(Göhring et al., 2014); however, our data show that
splicing from an alternative 39 splice site can similarly
affect the subcellular distribution of mRNAs. Intron
retention and alternative 39 splice site usage have been
described as the most common types of AS in plants,
with varying frequencies in different studies (Marquez
et al., 2012; Rühl et al., 2012; Hartmann et al., 2016).
Furthermore, it seems likely that other AS types, such as
splicing from alternative 59 splice sites, can also prevent
efficient nuclear export of the corresponding splicing
variants. Nuclear enrichment of certain AS variants has
also been observed in a previous study comparing the
transcript profiles in libraries constructed from Arabi-
dopsis whole cells, nuclei, and nucleoli (Kim et al.,
2009). Interestingly, it was reported that many of these
AS variants are enriched in the nucleolus compared to
the nucleoplasm (Kim et al., 2009). In contrast to SR30.2,
however, several of the nucleolus-enriched AS variants

that were further analyzed by Kim et al. (2009) showed
NMD targeting. Thus, specific regulation of mRNA
transport within and export from the nucleus must occur.
One possible scenario is that a particular RNA-binding
protein associated with a completely or partially
retained intron of a splicing variant prevents its nuclear
export (Fig. 7). The nuclear retained transcripts may then
be subjected to degradation in this compartment. Alter-
natively, removal of the corresponding protein factor, e.g.
as a result of further processing, may enable export of the
mRNA into the cytosol at a later point.

Possible Alternative Routes for the Generation of the
SR30.3 Variant

We have shown that a transgene-derived cDNA
corresponding to the fully spliced SR30.2 sequence can
be further spliced to SR30.3. Several observations are in
line with the hypothesis that endogenous SR30.3 and
the other cassette exon variants can also be generated
by consecutive splicing of SR30.2, as opposed to inde-
pendent removal of the two introns flanking the cas-
sette exons from the pre-mRNA. First, no splicing
variants have been identified in which the intron
downstream of the cassette exon has been removed
while the upstream intron is still present. Second, for all
cassette exon variants, the splice sites used for removal
of the upstream intron conform to the sites specifying
SR30.2, while various 59 splice sites are used for splicing
of the intron downstream of the cassette exon. Regu-
lation of AS in this region can be explained by the
presence of two competing 39 splice sites. In darkness,
the upstream 39 splice site is preferred, resulting in
formation of SR30.2. Light and sugar signals trigger
formation of SR30.1 by activating the downstream 39
splice site, e.g. by binding of a negative or positive
splicing regulator, respectively, near the up- and

Figure 7. Model of SR30 regulation via
AS and downstream processes. Boxes
and lines depict exons and introns, re-
spectively, of SR30 transcripts, for which
only the part from the exon upstream of
the alternatively spliced region to the 39
end of the mRNAs is displayed. Asterisks
depict positions of first in-frame transla-
tional stop codons for each mRNA. RBP
indicates a putative RNA-binding pro-
tein. Dark-gray shape represents nuclear
envelope with pores for export (green
rings). Active translation is indicated by
light-green ribosome symbols. Magenta
indicates impairment of the corre-
sponding process.
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downstream 39 splice site. Due to usage of the identical
59 splice site, generation of the twomajor splicing forms
SR30.1 and SR30.2 is mutually exclusive. However,
SR30.2 still contains a substantial portion of the se-
quence that is intronic for SR30.1, including the 39 splice
site. Therefore, in a second step, splicing of SR30.2 to the
cassette exon variants could occur, independent of the
other introns. Such a consecutive splicing mechanism
giving rise to the SR30 cassette exon variants would be
reminiscent of recursive splicing that was first de-
scribed for the ULTRABITHORAX gene in Drosophila
melanogaster (Hatton et al., 1998). In this example, a
large intron is not spliced as a single unit, but in a se-
quential manner by recreating 59 splice sites after
splicing. Recently, further examples of recursive splic-
ing events, involving generation of zero nucleotide
exons, have been described for D. melanogaster (Duff
et al., 2015). Identification of recursive splicing in ver-
tebrate genes (Sibley et al., 2015) demonstrated that this
mechanism is not restricted to D. melanogaster. Inter-
estingly, all of the recursive splicing events found in
human can result in cassette exon inclusion (Cook-
Andersen and Wilkinson, 2015; Sibley et al., 2015),
equivalent to the proposed consecutive splicing events
resulting in SR30.3. In the first step, the intron upstream
of the cassette exon is spliced out. In the second step,
splicing from a 59 splice site either at the start of the
cassette exon or downstream of it results in removal
and inclusion of the cassette exon, respectively. Like
SR30.3, most of the cassette exon variants resulting
from recursive splicing in vertebrate genes are targeted
by NMD (Sibley et al., 2015). Interestingly, the regu-
lated intron in SR30 and the corresponding introns
from other SR genes showing SR30-like AS patterns are
exceptionally long, with 942 nucleotides for SR30 and
ranging from 765 to 1100 nucleotides for the other cases
(Supplemental Fig. S7). In contrast, the average intron
length in Arabidopsis is only 165 nucleotides according
to TAIR10 (Lamesch et al., 2012). Accordingly, these
long introns may have specifically evolved to allow
gene regulation via mechanisms related to those pro-
posed in this work. Further work is needed to be able to
distinguish between the alternative routes of cassette
exon variant formation for these SR genes, involving
either activation of multiple AS sites on the pre-mRNA
or consecutive splicing of mRNAs. Given the low
steady state levels of SR30.3 and the other cassette exon
variants, its relevance for the regulation of SR30 ex-
pression also remains open. In light of NMD targeting
of these splicing variants and the strong accumulation
of SR30.3 in exosome and xrn mutants, however, it is
possible that a substantial fraction of all SR30 pre-
mRNAs is spliced to the cassette exon isoforms, which
do not accumulate due to rapid turnover.
In case the SR30 pre-mRNA is spliced consecutively,

the timing of the two splicing events will be of partic-
ular interest. Previous work indicated that posttrans-
criptional splicing can be activated on demand.
Boothby et al. (2013) demonstrated that splicing of
retained introns allows regulation of translation during

gametophyte development in the fern Marsilea vestita.
Our AS analysis revealed a slight increase in the ratio
SR30.3/SR30.2 in light- and sugar-treated seedlings
compared to dark controls. This AS ratio change and
the increased formation of SR30.1 are in line with an
activation of the downstream 39 splice site upon light
and sugar availability. Moreover, SR30.2 may not only
function in gene regulation by being withheld from
translation, but could also fulfill specific functions in the
nucleus. For example, this splicing variant may se-
quester or assemble splicing regulators and thereby
affect the AS outcome of other pre-mRNAs, similar to
what has been described for a long noncoding RNA in
Arabidopsis. This long noncoding RNA can interact
with nuclear speckle RNA-binding proteins and
thereby alter the AS outcome of their target pre-mRNAs
(Bardou et al., 2014). Further splicing of SR30.2 may
also compete with nuclear decay of this splicing variant.
Precedence for such a mechanism comes from the
identification of exosome mutants as suppressors of
a splicing-defective allele of PASTICCINO2 (PAS2;
Hématy et al., 2016). The suppressormutants sop1, sop2,
and sop3displayed an accumulation of an intron-retaining
pas2-1 isoform, which probably allowed increased splic-
ing to a variant complementing the pas2-1phenotype.Our
analysis of SR30 transcript levels in exosome and xrn
mutants indicated that both nucleoplasmic 39-59 and
cytoplasmic 59-39 decay contributed to the turnover of
all three variants. Accordingly, the two pathways may
compensate for a defect in one of their components in
the corresponding mutants. The observation of cyto-
solic and nucleoplasmic turnover for SR30.2 and
SR30.3, respectively, is of particular interest, as it points
to the existence of additional mechanisms limiting their
accumulation. Specifically, some SR30.3 transcripts are
already targeted for degradation in the nucleus before
they can be exported to the cytoplasm, and SR30.2
mRNAs escaping the nucleus are subjected to XRN4-
mediated decay in the cytoplasm. However, given that
SR30.2 accumulates only slightly more than SR30.1 in
the xrn mutants and as SR30.2 shows a much higher
stability than SR30.1, we think it is unlikely that alter-
native turnover rates alone can explain the differential
subcellular distribution patterns of the two splicing
variants. The NMD immunity of SR30.2 also is in line
with our model that most of this transcript variant is
not available for translation in the cytoplasm, albeit
additional mechanisms suppressing translation of this
splicing variant may exist.

Distinct Subcellular Localization of SR30 mRNA Variants

Key to the specific fates of the SR30 splicing variants
is their distinct subcellular distribution. Regulated lo-
calization of RNAs within the cell is found from bac-
teria to higher eukaryotes and emerging evidence
suggests its frequent occurrence (Chin and Lécuyer,
2017). A first direct link between mRNA localization
and splicing was provided in D. melanogaster for the
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OSKAR mRNA, which needs to contain the first intron
of the pre-mRNA and be spliced in it, in order to cor-
rectly localize to the posterior pole of the oocyte cyto-
plasm. Subsequent studies identified the molecular
mechanisms of this splicing requirement, including
deposition of the exon junction complex (Newmark and
Boswell, 1994; Mohr et al., 2001; van Eeden et al., 2001;
Hachet and Ephrussi, 2004; Palacios et al., 2004) and
formation of an RNA structural element defining the
localization of the OSKAR mRNA (Ghosh et al., 2012).
Furthermore, evidence has been provided that AS is
used to achieve distinct subcellular localization of the
mature mRNA variants (Chin and Lécuyer, 2017).
However, with the exception of the study by Göhring
et al. (2014), most of our current knowledge on splicing-
dependent RNA localization is based on studies in an-
imal systems. Our finding of nuclear retention of SR30.2
provides a good starting point for further investigating
themolecular basis of the subcellular localization of this
splicing variant, e.g. by searching for protein factors
that are specifically associated with SR30.2 and not the
other SR30 AS variants or by mapping the critical RNA
region.

While our data indicated that the major portion of
SR30.2 is retained within the nucleus, a small fraction
was also detectable in the cytosolic fraction. The
amount in the cytosol may still be an overestimation, as
some of these mRNAs can originate from nuclei that
ruptured during the fractionation experiment. Indeed,
very little SR30.2 was detected on purified ribosomes,
in agreement with a previous study that systematically
examined the association of SR splicing variants with
ribosomes (Palusa and Reddy, 2015). The weak ribo-
somal association explains why no corresponding
protein variant was detectable upon constitutive ex-
pression of this cDNA in stably transformed Arabi-
dopsis. Even enforced expression in transient assays
yielded no or very low amount of SR30.2 protein, while
SR30.1 always accumulated to high levels. Taken to-
gether, these data suggest that either SR30.2 is almost
fully retained in the nucleus, or, in case some export to
the cytosol occurs, an additional mechanism may ac-
tively restrain this transcript variant from translation.
The full absence of translation of this splicing variant is
also supported by its NMD immunity, despite the
presence of strong NMD-eliciting features. NMD im-
munity of SR30.2 has been demonstrated by analyzing
the levels of the individual SR30 variants in two NMD-
impaired mutants, lba1 (Yoine et al., 2006) and upf3
(Hori andWatanabe, 2005), in this study and a previous
transcriptome-wide comparison of AS patterns be-
tween controls and four different types of NMD im-
pairment (Drechsel et al., 2013). In contrast, another
study suggested that SR30.2 is anNMD target, based on
an increased ratio of SR30.2/SR30.1 in a upf3 mutant
compared to the wild type (Palusa and Reddy, 2010).
However, as this previous study only considered the
AS ratio change in a single mutant, and since many
signals can alter AS of the SR30 pre-mRNA (also see
below), a change on the level of AS rather than

transcript turnover seems to be a more likely explana-
tion for the observation by Palusa and Reddy (2010). In
summary, our data strongly suggest that the AS switch
in SR30 functions in quantitative control of gene ex-
pression. Remarkably, the protein-coding variant
SR30.1 is subject to rapid decay. This high turnover rate
enables a fast change in transcript steady state levels
upon shifting the AS of the SR30 pre-mRNA, quickly
adjusting expression of this splicing regulator.

Fine-Tuning SR30 Expression via AS in Development and
Stress Response

AS of the SR30 pre-mRNA is tightly regulated during
development and in response to stresses. We have shown
in a previous study (Hartmann et al., 2016) and this report
that AS of SR30 is regulated in response to light and sugar
availability. In darkness, mainly SR30.2 is generated,
whereas light and sugar triggerpredominant splicing to the
protein-codingvariantSR30.1. Profiling the responseover a
period of 24 h suggested that this AS switch reaches its
maximum at ;6 h and then is partially reverted, possibly
as part of a feedback loop. Changes in SR30 AS have also
been observed during development of light-grown seed-
lings and in comparison of different plant tissues (Lopato
et al., 1999; Palusa et al., 2007). Furthermore, several studies
demonstrate that the AS output of SR30 is highly respon-
sive to stress, with heat (Palusa et al., 2007; Filichkin et al.,
2010), high light (Tanabe et al., 2007; Filichkin et al., 2010),
and NaCl (Tanabe et al., 2007; Filichkin et al., 2010) all
resulting in a shift toward SR30.1.

Generation of an antibody raised against the endog-
enous SR30 protein allowed us to demonstrate that the
light-induced shift in splicing to SR30.1 correlates with
increased SR30 protein levels, being most pronounced
in the comparison of dark- and light-grown plants. Both
endogenous SR30 and several transgene-derived tag-
ged versions of it were detected at an apparent Mr that
is ;10 kDa above the theoretical size. A similar shift in
the size of the SR30 protein upon immunodetectionwas
previously reported and phosphatase treatment has
been described to cause faster migration of the protein
(Lopato et al., 1999). An elevated apparent Mr has also
been observed for other related factors (Golovkin and
Reddy, 1998; Ali et al., 2003).

Our subcellular localization studies using fluorescent
protein fusions of SR30.1 confirmed its previously
reported presence in the nucleoplasm and nuclear
speckles (Fang et al., 2004; Lorkovi�c et al., 2004), a
pattern also observed for several other SR proteins
(Fang et al., 2004; Lorkovi�c et al., 2004; Tillemans et al.,
2005) and SR45 (Ali et al., 2003). In another study,
subcellular distribution of At-SR30.1 fused to red fluo-
rescent protein has been examined in onion epidermal
cells (Mori et al., 2012). In contrast to our findings in
Arabidopsis, a substantial proportion of the fusion
protein was present in the cytosol of onion epidermal
cells, possibly due to the heterologous expression. In-
terestingly, chemical inhibition of phosphorylation
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suppressed nuclear localization of the SR30 protein
fusion, which accumulated under these conditions in
large structures within the cytosol (Mori et al., 2012).
Further work will be needed to determine if interfer-
ence with phosphorylation similarly affects SR30 lo-
calization in Arabidopsis. Furthermore, we observed
that the extent of speckle localization varied between
cells, which is in line with the highly dynamic nature of
nuclear speckles formed by several SR- and SR-like
proteins (Ali et al., 2003; Fang et al., 2004; Tillemans
et al., 2005, 2006). Enforcing expression of SR30.2
revealed an identical localization of the fluorescent
protein fusion in the nuclear compartments as observed
for SR30.1.
Constitutive overexpression of a genomic construct of

SR30 has been previously shown to result mainly in
splicing to the SR30.2 variant (Lopato et al., 1999), possi-
bly as part of a feedback control on the AS level, as it has
been demonstrated for other splicing regulators, e.g.
GRPs (Staiger et al., 2003; Schöning et al., 2008) and PTBs
(Stauffer et al., 2010; Wachter et al., 2012). Coexpressing a
genomic SR30 construct with the cds of the major SR30
splicing variants allowed us to corroborate the assump-
tion of an AS shift toward SR30.2 under conditions of
elevated SR30 protein levels. Remarkably, constitutive
coexpression of SR30.1 or SR30.2 with the splicing re-
porter similarly shifted its AS to the unproductive variant.
Based on the comparable splicing regulatory effect and
subcellular localization of the artificially expressed SR30.1
and SR30.2, distinct functions of these variants seem un-
likely, even if the SR30.2 protein were generated in planta
under any condition. In contrast, splicing variant-specific
complementation of defects in petal development and
root growth has been found for the sr45-1mutant (Zhang
and Mount, 2009).
Feedback control of SR30 expression on the level of

AS can also explain the transient AS response to light
and other changes in growth conditions. Accordingly, a
shift in AS to SR30.1 is expected to result in elevated
levels and activity of SR30 protein, which in turn should
alter splicing of the SR30 pre-mRNA toward the un-
productive SR30.2 variant. Furthermore, evidence for
SR30-mediated AS regulation of its homolog SR34 and
other genes has been previously provided, based on
changes in their splicing patterns in the SR30 over-
expression lines (Lopato et al., 1999). A recent study
aiming at elucidating the physiological functions of SR
proteins generated multiple mutants for all subfamilies
of SR proteins (Yan et al., 2017). While a quintuple
mutant in SC35 and SCL genes displays pleiotropic
alterations in plant morphology and development, no
phenotypic changes were observed for the other mu-
tants, including the sr quadruple mutant that is sup-
posedly defective in the expression of the related factors
SR34, SR34a, SR34b, and SR30. However, our analysis
of the T-DNA insertion line SALK_116747C in SR30,
which was used by Yan et al. (2017), revealed no dif-
ference in the SR30 expression pattern compared to the
wild type (Supplemental Fig. S3A), suggesting that the
sr quadruple mutant generated by Yan et al. (2017) is, at

least for SR30, not a knockout. Besides analyzing full
knockout mutants, it will be of interest to examine
phenotypes of sr mutants under specific growth con-
ditions including stress regimes. In line with a critical
function of SR30, its overexpression resulted in several
morphological and developmental defects, including
late flowering, reduced apical dominance, and changes
in rosette leaf size (Lopato et al., 1999). This finding
underscores the importance of tight regulation of SR30
expression, which we have demonstrated in this work
to be based on the intricate interplay of nuclear and
cytosolic events in RNA metabolism.

MATERIALS AND METHODS

Plant Cultivation and Experiments

Arabidopsis (Arabidopsis thaliana) Col-0 seeds sterilized in 3.75% NaOCl
and 0.01% Triton X-100 were grown on or in 0.53 Murashige and Skoog (MS)
medium with supplements added as described below. Solid medium con-
tained 0.8% phytoagar (Duchefa). Upon stratification for at least 2 d at 4°C,
germination was induced in white light for 2 h. All darkness samples were
taken in green light. For light experiments (Fig. 1), seeds were plated on solid
medium containing 2% Suc. Six-day-old, dark-grown seedlings were exposed
to white, blue, or red light, or kept in darkness for the indicated period. For
transfer experiments (Fig. 6B), seedlings were grown on solid mediumwithout
Suc and kept in darkness for 6 d after induction of germination. Under green
light, seedlings were transferred to liquid 0.53 MS medium with or without
supplements as indicated and incubated in darkness or light for the time
stated. For the RNA half-life assay (Fig. 2B), seedlings were cultivated in
100 mL liquid medium under long-day conditions on a shaker at 115 rpm for
7 d. The seedlings were rinsed with water, transferred into 150 mg/mL cor-
dycepin (Sigma-Aldrich) solution, and then sampled after 1, 2, 3, and 4 h. For
the other experiments, seedlings were cultivated for the indicated time under
long-day conditions on solid medium containing 2% Suc.

Light Conditions

Continuous white light was used at an intensity of ;130 mmol m22 s21.
Monochromatic light from LED fields (Flora LED; CLF Plant Climatics) had the
following specifications: blue 420 to 550 nm, maximum at 463 nm, full width at
half maximum 22.2 nm, intensity ;6 mmol m22 s21; red 620 to 730 nm, maxi-
mumat 671 nm, full width at half maximum 25 nm, intensity;18mmolm22 s21.
Intensities were measured with a Skye SKR1850 (Skye Instruments) and are
limited to photosynthetically active radiation.

Subcellular Fractionation

Subcellular fractionationwasperformed according to a protocol providedby
M. Amorim and S. Laubinger (de Francisco Amorim et al., 2017). Briefly, 2 g of
plant material was ground under liquid nitrogen cooling and suspended in
4mLHONDA buffer (20 mMHEPES, KOH, pH 7.4, 0.44 M Suc, 1.25% Ficoll 400,
2.5% Dextran T40, 10 mM MgCl2, 0.5% Triton X-100, 1 mM PMSF, 5 mM DTT,
50 units/mL RiboLock [Thermo Fisher Scientific], and 13 Complete protease
inhibitor [Roche]). All following steps were performed at 4°C. The sample plus
1 mL HONDA buffer used for rinsing was filtered through Miracloth (Cal-
biochem; 22–25 mm), resulting in the total fraction. The sample was centrifuged
at 1,500g for 10 min to separate the nuclei and the cytosolic fraction. The su-
pernatant was transferred into a fresh tube and centrifuged at 13,000g for
15 min. The resulting supernatant corresponded to the cytosolic fraction. The
pellet from the 1,500g centrifugation was resuspended in 1 mL HONDA buffer
using a Pasteur pipette and centrifuged at 1,800g for 5 min. This washing step
was repeated four to five times until the supernatant became clear. Finally, the
pellet was suspended in 400 mL HONDA buffer (nuclei fraction). Three hun-
dred and one hundred microliters were used for RNA and protein extraction,
respectively. Samples taken for RNA isolation were thoroughly mixed with
2 volumes of 8 M guanidinium hydrochloride and 3 volumes of 100% ethanol.
The RNA was precipitated over night at 220°C and pelleted at 16,000g for
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50 min. The supernatant was removed, the pellet was dried at room tempera-
ture for 20 min and used for RNA isolation using a column-based system as
described below. Protein samples weremixedwith 53 SDS sample buffer (0.3 M

Tris-HCl, pH 6.8, 50% glycerol, 5% SDS, 0.05% bromophenol blue, and 100 mM

DTT) and denatured at 95°C for 5 min.

Ribosome Immunoprecipitation

Ribosome immunoprecipitation was conducted based on a protocol from
Mustroph et al. (2013). Briefly, 2 g of seedlings was ground under liquid nitrogen
cooling andmixedwith 5mL polysome extraction buffer (200mM Tris-HCl, pH 9.0,
200 mM KCl, 25 mM EGTA, 36 mM MgCl2, 5 mM DTT, 50 mg/mL cycloheximide,
50 mg/mL chloramphenicol, 0.5 mg/mL heparin, 1% Triton X-100, 1% Tween 20,
1% Brij-35, 1% IGEPAL CA-630, 2% polyethylene glycol 400, 1% deoxycholic acid,
1 mM PMSF, and 50 units/mL RiboLock). All subsequent steps were performed at
4°C. The sample was centrifuged at 16,000g for 15 min, followed by filtration of the
supernatant throughMiracloth (Calbiochem; 22–25mm) and another centrifugation
step at 16,000g for 15 min. The input sample was taken from the supernatant. One
hundred and fifty microliters of Protein G coupled Dynabeads (Life Technologies)
was washed twice with 1.5 mL washing buffer (WB; 200 mM Tris-HCl, pH 9.0,
200 mM KCl, 25 mM EGTA, 36 mM MgCl2, 5 mM DTT, 50 mg/mL cycloheximide,
50 mg/mL chloramphenicol, and 50 units/mL RiboLock), resuspended in 150 mL
WB, and incubated with 5 mL a-FLAG antibody solution (Sigma-Aldrich) under
agitation for 10 min at room temperature. The beads were washed once more with
WB and resuspended in 150mLWB. The suspension of a-FLAG-coated Dynabeads
was added to the remaining supernatant of the seedling samples and incubated for
2 h while shaking gently. The beads were separated from the supernatant using a
magnet and washed with 5 mL polysome extraction buffer followed by three
washes with WB. Finally, the tagged ribosomes were eluted with 400 mL WB con-
taining 200 ng/mL FLAG peptide (Sigma-Aldrich) for 30 min while shaking. The
elution fraction was split into 300 and 100 mL for RNA and protein isolation, re-
spectively. The RNA and protein samples were further processed as described for
the subcellular fractionation.

RNA Isolation, Reverse Transcription, and PCR

RNA was isolated with the Universal RNA Purification Kit (EURx) in combi-
nationwithanon-columnDNasedigest according to themanufacturer’s instructions
and eluted in 40 mL RNase-free water. RevertAid Premium (Thermo Fisher Scien-
tific) or AMV Reverse Transcriptase Native (EURx) was used for reverse tran-
scription, mostly following the manufacturers’ specifications but using the
maximum volume of RNA possible in the reaction. Unless stated otherwise, dT20
primer was used.

Coamplification PCRswere performed using a homemade Taq polymerase and
followingstandardprotocols.ResultingRT-PCRproductswereseparatedonagarose
gels and stainedwith ethidiumbromide solution. Gel pictureswere takenunderUV
light and, if needed, modified using Adobe Photoshop auto-contrast function.
Quantification of coamplified PCR products was performed using the Agilent
DNA1000kitand2100Bioanalyzer.TheCFX384real-timePCRsystem(Bio-Rad)and
MESA BLUE qPCR MasterMix Plus (Eurogentec) were used for relative quantifi-
cationof individual cDNAs.PROTEINPHOSPHATASE2A (PP2A,AT1G13320)was
used as a reference transcript, except for the half-life assay, for which ACTIN7
(At5G09810) was used as reference. A detailed quantitative PCR protocol is de-
scribed by Stauffer et al. (2010).

Cloning Procedures

SR30 overexpression constructs for immunoblots were based on the vector
pBinAR (Höfgen and Willmitzer, 1992). All primers used for cloning are listed in
Supplemental Table S2. For cds constructs, insertswere amplified from cDNAusing
LH163/211 (SR30.1) or LH163/212 (SR30.2) omitting the STOP codon and cloned
into a pBinAR containing HA3-STOP via BamHI/XbaI. The inserts of the cDNA
constructs were amplified each in two parts inserting an HA-tag at the C-terminus
and removing the STOP codon with LH186/187 and LH188/189 (SR30.1) or
LH186/190 and LH191/189 (SR30.2). The respective partswere combined using the
corresponding outer primers. Cloning into BamHI/SalI digested pBinAR was done
via BamHI/XhoI. To generate HA3-tagged versions, the inserts both were amplified
in two parts and HA3 added using LH186/312 and LH311/189. Insertion into
pBinAR was done as described above for the untagged cDNA constructs. For
constructs used for confocalmicroscopy, splice variants of SR30were amplifiedwith
primers LH159/160 or LH159/161, respectively, omitting the STOP codon, and

recombined into pDONR201, then pB7CWG2 or pB7YWG2 (Karimi et al., 2002)
using the Gateway system (Invitrogen). The genomic reporter used in the splice
assay (Fig. 5) was amplified using primers LH163/169 inserting the C-terminal
HA-tag and cloned into BamHI/SalI digested pBinAR via BamHI/XhoI. The splice
form-specific Flag-tagged cds constructs were cloned similarly using primers
LH163/164 and LH163/165, respectively. The amiRNA was designed using the
web toolWMD3 (http://wmd3.weigelworld.org; Ossowski et al., 2008) and cloned
following the available protocol (http://wmd3.weigelworld.org/downloads/
Cloning_of_artificial_microRNAs.pdf) using primers LH192-195. After extension of
the partial attachment sites with primers ES32/33, the precursor was recombined
into pDONR201, then pB7WG2 (Karimi et al., 2002) using the Gateway system
(Invitrogen). For expression of recombinant SR30 for immunization, SR30.2 cdswas
amplified using LH163/182 and cloned into pQE30 (Qiagen) via BamHI/XhoI. Se-
quencing SR30, we discovered an insertion relative to the TAIR10 reference se-
quence. One G nucleotide was inserted between positions 2926 and 2927 of the
annotated gene in the 11th intron.We found this insertion both in ourwild-type line
and the lba1 mutant.

Plant Transformation

Heterotrophic cell culture protoplasts were transformed according to a
previously published protocol (Schütze et al., 2009) with 2 mg of each plasmid
and kept in darkness for 2 d before microscopy. Nicotiana benthamiana leaves
were transiently transformed by leaf infiltration as previously described
(Wachter et al., 2007) using transformed agrobacteria of an optical density 0.8 at
600 nm in water. Cotransformation of luciferase or one of the splicing variants
with the reporter was achieved by mixing the respective bacterial suspensions
1:1 before infiltration. Cotransformation of the reporter with the luciferase
control or with one of the splicing variants was always done on corresponding
leaf halves for normalization purposes. Infiltrated plants were grown for ad-
ditional 2 d before sampling. Arabidopsis plantswere stably transformed by the
floral dip method (Clough and Bent, 1998).

Antibody Generation

Escherichia coli M15 expressing SR30.2 in the vector pQE30 were grown in 3 L
Terrific Broth medium to an optical density .1 at 37°C. Protein expression was
induced with 1 mM isopropyl b-D-thiogalactopyranoside and the culture further
incubated at 37°C overnight. All following steps were done at 4°C or on ice unless
specified otherwise. The cells were spun down and resuspended in cold lysis-
equilibration-wash buffer (LEW; 300 mM NaCl and 50 mM NaH2PO4, pH 8.0),
then lysedusing a cooledFrenchpressure cell (Aminco; 331,000psi). The lysatewas
treatedwith 50mg/mLDNase for 20min at room temperature under agitation and
then centrifuged (10,000g, 30min). The pelletwaswashed oncewith cold LEW, then
resuspended in 25 mL denaturing solubilization buffer (DSB; 300 mM NaCl, 50 mM

NaH2PO4, pH 8.0, and 8 M urea), incubated on a wheel shaker for 1 h, and spun at
room temperature for 40 min at 10,000g or until supernatant was clear. The super-
natantwas added to ProtinoNi-TED resin (Macherey-Nagel) prepared according to
the manufacturer’s instructions and incubated on a wheel shaker for 1 h at room
temperature. The columnwasdrainedbygravity at room temperature and theflow-
through was collected. At room temperature, the resin was washed with 200 mL
DSB, and protein was eluted three times with 3 mL 150 mM and three times with
3 mL 200 mM imidazole-containing DSB. Elution fractions were combined, diluted
with 5mLLEWpermLelution fraction, and incubated on awheel shaker overnight.
Precipitated protein was spun down, resuspended in 23 SDS sample buffer, and
denatured at 95°C for 10 min. Protein concentration was estimated by comparing
band intensities on a gel to marker bands. Approximately 200 mg protein per lane
was loaded on a 12% polyacrylamide gel. After Coomassie staining, the prominent
bandwas excised excluding a slightly smaller band, and the gel pieceswerewashed
in water until the pH was neutral. Rabbits were immunized six times with the gel-
bound protein (BioGenes). The antibody was affinity purified from raw sera using
membrane-bound antigen as described before (Rühl et al., 2012), but partly using a
1:1 dilution of 7 mL serum in one purification.

Protein Extraction, Immunoprecipitation, and
Immunoblot Analyses

Starting material from infiltrated N. benthamiana leaves was ;100 mg, and
200 to 300 mg Arabidopsis seedlings was used per extraction. For immunoblot
analyses, proteins were extracted as described previously (Rühl et al., 2012),
using an extraction buffer containing 65 mM KCl, 15 mM NaCl, 10 mM HEPES
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(pH 7.6), 10mMNa2EDTA, 5mMDTT, 4mMATP, 13 phosphatase inhibitor mix
(Serva), and 13 Complete (Roche; after Zahler et al., 1992). All extracts were
cleared by centrifugation at 4°C for ;20 min at ;15,000g.

Using Protein G-coupled Dynabeads (Life Technologies), a-SR30 was cou-
pled to the beads in PBS-T by incubation under agitation for 10 min at room
temperature. The beads were washed once with PBS-T. Protein extract was
added to the beads and protein was allowed to bind to the beads for 1 h at room
temperature on a wheel shaker. The beads were washed three times using the
extraction buffer and transferred to a fresh tube in a fourth washing step.
Protein bound to Dynabeads was eluted at 95°C in 53 SDS sample buffer for
10 min while mixing.

SDS-PAGE and semidry immunoblotting were performed according to
standard protocols. For detection, the following commercial antibodies were
used: rabbit a-histone H3 (Agrisera), rabbit a-UGPase (Agrisera), rabbit
a-FLAG (Sigma-Aldrich), mouse a-HA (Sigma-Aldrich), a-mouse-peroxidase
(Sigma-Aldrich), and a-rabbit-peroxidase (Sigma-Aldrich). Chemilumines-
cence detection used Super or Ultra Signal West Dura (Pierce).

Confocal Microscopy

Microscopywas conductedwith aTCS SP2AOBS (Leica). The excitation (ex.)
andemission (em.) settingswere as follows:YFP514nm(ex.), 524 to575nm(em.)
and DsRED 561 nm (ex.), 575 to 641 nm (em.) in Figure 4A; CFP 405 nm (ex.),
453 to 511 nm (em.) and YFP 514 nm (ex), 566 to 617 nm (em.) in Figure 4B; CFP
405 nm (ex.), 457 to 540 nm (em.) and YFP as for Figure 4A in Figure 4, C and D.
The protoplasts were scanned in sequential mode, with the exception of the one
shown in Figure 4B.

Accession Numbers

The followingmutants havebeenused indifferent experiments: sr30 (GK325-
E11, N322146), lba1 (Yoine et al., 2006), upf3-1 (Hori and Watanabe, 2005), 35S:
HF-RPL18 (N66056; Zanetti et al., 2005), sop2-1 (Hématy et al., 2016), mtr3 (also
referred to as rrp41l; Yang et al., 2013), hen2-4 and mtr4-1 (Lange et al., 2011),
ski2-6 (Zhao and Kunst, 2016), xrn4-5 (Souret et al., 2004), and xrn2-1 xrn4-6,
xrn3-3 xrn4-6, and fry1-6 (Gy et al., 2007). The following genes have been
analyzed: AT1G09140 (SR30), AT2G37340 (RS2Z33), AT5G37055 (SEF),
AT1G13320 (PP2A), and At5G09810 (ACTIN7).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequences of SR30 Splicing Variants Analyzed in
this Work.

Supplemental Figure S2. Levels of SR30 Splicing Variants in RNA Degra-
dation Mutants.

Supplemental Figure S3. SR30 Expression in T-DNA Mutants and in Re-
sponse to Light.

Supplemental Figure S4. Detection of SR30 Fused to Fluorescent Proteins.

Supplemental Figure S5. Sequences of Splicing Variants from Light-
Regulated AS Events in SR30.

Supplemental Figure S6. SR30 Splicing Variant Patterns in Response to
Light, Sugar, and SR30 Overexpression.

Supplemental Figure S7. Examples of SR Genes with Long Introns Con-
taining NMD-Triggering Cassette Exons.

Supplemental Table S1. SR30 Transcript Levels and Segregation of Lines
upon Splicing Variant-Specific Misexpression of SR30.

Supplemental Table S2. Sequences of DNA Oligos Used in This Study.
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